The aim of this study was to investigate the short-time creep behavior of Ti-6Al-4V by plasma carburizing, which was performed at 725
Introduction
Titanium alloys are widely used in the automotive, biomedical, aeronautic and other industries. These alloys exhibit special physical, mechanical and chemical characteristics that justify their use instead of other less costly materials [1, 2] . At the same time, these alloys are not properly suitable for mechanical engineering applications that require good tribological properties and low reactivity [3] . Because of this limitation, many studies have been conducted with the aim of carburizing is more difficult and less frequently used because titanium cannot solubilize carbon so easily [6] . In fact, the behavior of titanium alloys modified by plasma carburizing and the effect of this treatment on the mechanical properties of these materials are not well known [7] [8] [9] [10] . The entire creep life of a titanium component could reach up to 120,000 h, what makes creep measurements more difficult [11] . Therefore, this study aims to evaluate the effects of plasma carburizing on Ti6Al-4V alloy subjected to creep conditions at 600 • C, in order to ensure failure in a short time (short-term creep test). The short-term creep test method is widely used by many authors, who perform preliminary studies on creep behavior of Ti-6Al-4V alloy for structural applications [12] [13] [14] [15] [16] .
Experimental
In this study, annealed Ti-6Al-4V alloy was used. Widmanstät-ten morphology was obtained by holding samples at 1050 • C for 30 min, followed by furnace cooling (6 • C/min) until 700 • C and air cooling until room temperature (Widmanstätten condition). Plasma carburizing was performed using an MP 400 equipment with DC-pulsed source and 30 kW at 725 • C for 6 h in an atmosphere composed of 50% Ar -45% H 2 -5% CH 4 ("Widmanstätten + carburized" condition). The surface morphology of the specimens, etched using Kroll's solution, was analyzed using optical microscopy. The carburized layer and the microstructure of crept samples were observed by scanning electron microscopy (SEM). The hardness of the specimens was measured using a Berkovich nanoidentor in the transversal section (initiating at outermost surface), with a load of 5 mN for 30 s. XRD analysis was carried out at room temperature with a CuK␣ radiation source, using a graphite filter, over the range of 20 • < 2 < 95 • in steps of 0.05 • and a counting time of 1 s. Optical profilometry was used to determine the average roughness (Ra) of the samples surfaces; measurements were taken in the VSI (vertical scanning interferometry) mode. Creep tests were carried out using cylindrical creep specimens with 39 mm gauge length and 6 mm diameter, on an Instron Model M3 Creep and Stress Rupture Tester with 30 kN capacity under constant load in the range from 222 to 300 MPa at 600 • C. The dislocation structures of the specimens were observed by TEM. Table 1 compares the phase lattice parameters, calculated by XRD analysis compared with those reported in the literature [17] .
Results

Microstructural characterization
The ␣ and ␤ phases presented lattice parameters inferior to those reported in the literature for titanium (Ti). The alloying elements aluminum (Al) and vanadium (V), which have atomic radii smaller than the radius of titanium, replace titanium in the crystal lattice, thus reducing the lattice parameters [18] . The TiC carbide tended to form non-stoichiometric compounds with composition ranging from TiC 0.55 to TiC 0.95 , which produced lattice parameters ranging from 4.2832 to 4.3172Å [19] . Liu and Dupont have assumed that this parameter varies linearly with the carbon content of the carbide [20] . Using the same assumption, in this study, the carbide formed in the carburized layer might have the chemical formula TiC 0.66 .
The carburized layer presented an increase in average roughness of 57% (Ra = 2.02 m) when compared to the Widmanstätten sample (Ra = 1.29 m). The greater average roughness indicates the irregularity of the carburized layer (TiC) and may contribute to the presence of stress concentrators on the layer's surface.
3.2.
Creep tests Table 2 shows the main creep experimental parameters obtained at 600 • C for the Widmanstätten and "Widmanstät-ten + carburized" specimens.
In general, the deformation ε 0 tends to increase as a function of the applied stress. Due to the hardening induced by carbon diffusion, the "Widmanstätten + carburized" alloy shows lower values of instantaneous deformation (ε 0 ). The steady-state creep rate ε S increases with the applied stress for both conditions studied. Relative to those of the Widmanstätten alloy, the steady-state creep rate values of the "Widmanstät-ten + carburized" alloy are 12-38% inferior. Fig. 5 shows the dependence of the steady-state creep rate (5a) and time to fracture (5b) on the applied stress.
Eq.
[1] describes the dependence of the steady-state creep rate on stress and temperature [21] .
where Q is the activation energy for creep in the secondary region, B a constant that depends on the microstructure, temperature and applied stress (), n the stress exponent, R the gas constant and T absolute temperature. The combination of Q and n values indicates the main creep mechanism that controls a given deformation process [21] . The slopes of the plot Lnε S × Ln, which is presented in Fig. 5(a) , provide an estimate of n. The values of n = 6.70 for the Widmanstätten alloy and n = 5.64 for the "Widmanstätten + carburized" alloy are in accordance with results of Barboza et al. [4, 22] and Reis et al. [23, 24] , who studied Ti-6Al-4V in air and in a nitrogen atmosphere. These authors obtained n values between 4.25 and 6.46. Furthermore, Chen et al. [25] and Luo et al. [11] , who studied Ti-60 and Titanium 834, respectively, obtained n values between 4.7 and 6.4.
The behavior of the time to fracture as a function of the applied stress is shown in Fig. 5(b) . It decreases with increasing stress. At 222 MPa, the times to fracture of the Widmanstät-ten and "Widmanstätten + carburized" alloys are similar. At be associated with the hard layer of TiC introduced in the material which promotes more stress concentration and solid solution hardening due to the diffusion of carbon in ␣ phase. The dependence of the steady-state creep rate on temperature at 300 MPa is presented in Fig. 6 and Table 3 .
The increase in temperature made the carburizing process more effective because the difference between the steady-state creep rates, under each condition, increase with temperature (Table 3 ). Fig. 6 illustrates this behavior. The percentage difference between the steady-state creep rates of the Widmanstätten and "Widmanstätten + carburized" specimens at 300 MPa are 0.7% at 500 • C, 9.5% at 550 • C and 37.8% at 600 • C. The carburized layer behaves as a barrier against the oxygen diffusion, which is a thermally activated phenomenon (the higher the temperature, the greater atoms transport activity). Thus, the carburized layer is more effective (compared with Widmanstätten condition) at higher temperatures where the oxidation effect is more destructive because of the higher oxygen diffusion toward Ti-6Al-4V alloy. The apparent activation creep energy was determined by calculating the steady-state creep rate at 500, 550 and 600 • C at 300 MPa for the Widmanstätten and "Widmanstät-ten + carburized" specimens (Fig. 6) . The values Q = 303 kJ/mol for the Widmanstätten alloy and Q = 277 kJ/mol for the "Widmanstätten + carburized" alloy are in agreement with the results of Tang et al. [26] , Gollapudi et al. [27] and Chen et al. [25] , who studied creep of titanium-based alloys. The analysis of the values of the activation energy and stress exponent at 600 • C suggests that the creep mechanism under both conditions is associated with dislocation climbing processes [12, 13, 22, [27] [28] [29] .
3.3.
Dislocation substructure analysis Fig. 7 shows TEM images of the crept samples deformed at 600 • C. The micrographs of both specimens depict dislocation cell structures. Under both conditions, the ␤ phase presents a lower dislocation density compared with the ␣ phase. Therefore, the creep deformation process can be attributed mainly to ␣ phase deformation, as reported by Warren et al. [30] , Tsuji et al. [9] and Chen et al. [25] .
3.4.
Fracture analysis Fig. 8 shows transversal and longitudinal sections of samples crept under both conditions. Fig. 8(a)-(d) shows a typical alveolar structure (dimples) associated with intergranular decohesion. The intergranular fracture mode can be linked to grain size due to the low capability, under these conditions, to accommodate the deformation induced by creep [31] . Fig. 8 (e) and (f) illustrates the coalescence of creep cavities generated at grain boundary and triple points (indicated by arrows), where microvoids nucleation is initiated [16, 32] . The results of fractrographic analysis are in accordance with those reported by Park et al. [16] .
The growth of cavities (fracture process) is controlled by the strain ahead of the cavity. This aspect is confirmed using the Monkman-Grant relationship (Eq. [2] ), which shows the proportionality between time to fracture and steady-state creep rate:
where k and C MG are the constants [32] . Fig. 9 shows the correlation of steady-state creep rate and rupture life expressed by Monkman-Grant relation. In this case, were found to Widmanstätten condition, k = 1.13 and C MG = 0.0147, and to "Widmanstätten + carburized" condition, k = 1.04 and C MG = 0.0273. The data are distributed along two distinct straight lines with approximately the same k and different C MG . The slight reduction in the value of k and the observed increase in C MG can be associated with lower values of creep ductility of the alloy modified by plasma carburizing process.
3.5.
Surface treatment influence on microstructure and mechanical properties of Ti-6Al-4V alloy Surface treatments involving the diffusion of an interstitial element can modify the microstructure of Ti-6Al-4V alloy by introducing a larger amount of ␣-Ti phase formation, grain growth, a harder layer (called ␣ case) formation and fine precipitates nucleation [33] [34] [35] .
To examine the amount of ␣-Ti and grain growth during plasma carburizing, two cylindrical specimens were heat treated to simulate the time and temperature of the plasma carburizing treatment. The samples were analyzed using the ImageJ software (phase proportion), and grain size was measured according to the intercept method [18] . Analysis was made over 120 images with 50 and 100 times magnification for each condition studied (Widmanstätten and "Widmanstät-ten + carburized") and grain size analysis performed on 20 images of 50 times magnification for each condition studied. All data were statistically analyzed and are presented in Table 4 . Based on Table 4 and taking into account the errors, it can be considered that the surface treatment does not modify the relative amount of ␣-Ti phase, and grain size of Ti-6Al-4V alloy. In fact, the Widmanstätten morphology was purposely chosen to have a stable morphology at high temperatures, changing only with the annealing time (at temperatures above 980 • C) and cooling rate [33] . The plasma carburizing treatment did not exceed 725 • C and did not involve any step where the cooling rate could alter the microstructure in some way.
The formation of the layer, known as ␣ case, is very common in the oxidation process and thermochemical treatments where a ␣-Ti phase stabilizing element is involved (IIIA and IVA metals group and the interstitial elements C, N and O) [5, 33] . Pitt and Ramulu [34] reported that the titanium alloy weight increasing when exposed to temperatures around 650 • C is due to the oxygen diffusion, which forms a diffusion zone known as ␣ case. This region is described as a hard and brittle region [34] . The ␣ case thickness measurement was made by nanohardness analysis. Thus, observing the microhardness profile (Fig. 2) , it can be concluded that the surface treatment resulted in a combination composed of TiC hard layer and a solid solution-hardened region. The carbon element reached about 9 m depth in Ti-6Al-4V alloy, resulting in the formation of ␣ case. Therefore, it is correct to conclude that the creep improvement behavior observed in the present work is due to a combination of hard ceramic layer, which has high thermal stability, plus the solid solution-hardened ␣ case layer. However, Ti-6Al-4V alloy suffers with oxidation effects at 600 • C and the simple stabilization of ␣-Ti phase on surface would not be effective for improving the creep properties of Ti-6Al-4V alloy.
When the Ti-6Al-4V alloy is aged between 500 and 600 • C, precipitation in the microstructure occurs of a phase known as ␣ 2 (with the formula Ti 3 Al) due to aluminum presence which modifies the ␣-Ti phase field in a Ti-Al system [35] [36] [37] . Therefore, treatments that involve high temperatures and long times may result in the precipitation of this compound homogeneously and with nanometric dimensions. Ti 3 Al improves titanium's mechanical properties, since this compound acts as a barrier to dislocation gliding. However, studies reported in the literature, where Ti 3 Al was precipitated in a matrix of titanium, involved aging methods with rather large time ranging from 168 to 200 h of treatment, and the formed compound could be identified by XRD techniques [35] [36] [37] . The heat treatment time reported in the present study reached a maximum of 7 h and XRD analysis did not indicate the presence of this phase. Thus, Ti 3 Al precipitation was not taken into account.
Finally, it can be concluded that surface treatments influence creep performance of Ti-6Al-4V alloy and is correlated with the ceramics surface protecting effect, which is harder and thermally stable. Any other microstructural modification seems to act secondarily on the mechanical properties of this alloy.
Concluding remarks
All specimens showed an ␣ + ␤ Widmanstätten microstructure. A carburized layer, 1.7 m in width, is formed by TiC 0.66 . Plasma carburizing increased the hardness value (815 HV) and average roughness (2.02 m) of the specimens compared to the values measured for the Widmanstätten (1.29 m and 334 HV) specimens. The short-term creep behavior improved with plasma carburizing, resulting in reduced instantaneous deformation and steady-state creep rates. However, the influence of plasma carburizing on the time to fracture was not clear and could be attributed to the increase in surface roughness observed. Based on the correlation between the activation energy and stress exponent values, it can be concluded that the creep mechanisms are associated with dislocation climbing creep processes, in the present creep conditions. TEM and fracture analyses of the Widmanstätten and "Widmanstätten + carburized" specimens indicate creep deformation process attributed mainly to ␣ phase deformation and fracture by intergranular decohesion, respectively. Additionally, the steady-state creep rate and the rupture time are related by the Monkman-Grant relation with k about 1. The alloy modified by plasma carburizing exhibits a larger value of C MG , which is associated with lower ductility. Therefore, the good mechanical properties of "Widmanstätten + carburized" Ti-6Al-4V justify the interest in better understanding the effects of plasma carburizing process to improve the performance of titanium alloys used in high-temperature applications. The present results involve very short creep durations and more creep tests should be carried out involving longer rupture times (of the order of hundreds or thousands hours), at other stress/temperature conditions, to confirm the creep properties mentioned in this work.
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